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(54) Thin film piezoelectric device for acoustic resonators 

(57) A thin film piezoelectric device has an epitaxial 
metal thin film (4) on a silicon substrate (2) and a PZT 
thin film (5) on the metal thin film, the PZT thin film (5) 
having a Ti/(Ti+Zr) atomic ratio between 0.65 and 0.90. 
A film bulk acoustic resonator having an extremely 
broad band is realized. 
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Description 



[0001] This invention relates to thin film piezoelec- 
tric devices for constructing thin film oscillators for 
mobile communications, thin film voltage-controlled s 
oscillators (VCO), thin film filters, and liquid injectors. 

BACKGROUND OF THE INVENTION 

[0002] To meet the recent rapid expansion of the w 
mobile communication market and the demand for 
multi-functional communication service, new communi- 
cation systems as typified by IMT2000 have been suc- 
cessively proposed and introduced. There is a tendency 
for the utility frequency to rise to several giga-hertz and 15 
for the frequency bandwidth to increase from 5 MHz to 
20 MHz and higher. While the size and power consump- 
tion of portable equipment are being reduced, surface 
acoustic wave (SAW) devices are mainly used as the 
RF and IF filters. To comply with the new system, the 20 
SAW devices are also required to have a higher fre- 
quency, broader band, lower loss, and lower cost. Here- 
tofore, SAW. devices have cleared the rigorous 
specification requirements of users through improve- 
ments in device design technology and manufacturing 25 
technology. Such performance improvement is 
approaching the limit. This implies that the SAW device 
will need a substantial technical innovation in the future. 
[0003] Apart from the development of SAW devices, 
film bulk acoustic resonators (FBAR) constructed by 30 
piezoelectric thin films are capable of basic resonance 
in a giga-hertz band. However, few outstanding 
advances have been made on FBAR because it was dif- 
ficult to prepare piezoelectric thin films of quality and the 
working precision of piezoelectric thin fHms and sub- 35 
strates on which they are formed could be increased 
only a little. However, if filters are constructed using 
FBAR, miniaturization, low-loss, broad-band operation 
in the giga-hertz band, and monolithic integration with 
semiconductor integrated circuits would become possi- 40 
ble. Therefore, FBAR is of potential worth in the drive to 
realize very small size portable equipment. 
[0004] PZT is a lead zirconate titanate (PbZrOg- 
PbTi0 3 ) solid solution. It is a ferroelectric material hav- 
ing high piezoelectricity. The use of PZT has a possibil- 45 
ity of realizing FBAR capable of broad-band operation in 
a high frequency band. For example, Jpn. J. Appl 
Phys., Vol. 36 (1997), pp. 6069-6072, reports FBAR 
using a polycrystalline PZT thin film formed by the sol- 
gel method. The PZT thin film described in this report 50 
has the composition: Pb(Zr 0 52 Ti 0 48 )0 3 . 
[0005] However, the FBAR described in this article 
fails to provide resonant characteristics unless a bias 
voltage is applied to the PZT thin film to induce polariza- 
tion. The resonant characteristics achieved thereby are 55 
insufficient to enable low-loss, broad-band operation in 
a high frequency band of giga-hertz order. It is thus nec- 
essary to improve the electromechanical coupling con- 



stant of the PZT thin film. 

[0006] Studying the epitaxial growth of PZT thin 
films on silicon substrates, the inventors proposed in 
JP-A 9-1 10592 and 10-223476 a method for the epitax- 
ial growth of a PZT thin film on a silicon substrate. The 
construction of a FBAR device using a PZT thin film is 
not considered in these patent publications. 
[0007] Japanese Patent No. 2,568,505 discloses to 
form PbTi0 3 and La-added PbTi0 3 rather than PZT on 
MgO single crystal substrates as highly oriented thin 
films. In this patent, pyroelectric properties of these ori- 
ented films are under consideration. Given a high 
degree of orientation, greater outputs are obtained with- 
out a need for poling. The application of such oriented 
films to FBAR is not referred to in this patent. For the 
construction of FBAR, the substrate must be worked to 
a high precision, and a piezoelectric thin film must be 
formed on a silicon substrate rather than the MgO sub- 
strate used in the above patent, in order to enable mon- 
olithic integration with semiconductor circuits. 
[0008] As discussed above, no study has been 
made on the application of PZT thin film to FBAR. 
Namely, a FBAR based on a combination of a PZT thin 
film with a silicon substrate and possessing satisfactory 
resonant characteristics for broad-band operation is 
unknown. 

SUMMARY OF THE INVENTION 

[0009] Therefore, an object of the invention is to 
provide a thin film piezoelectric device from which a 
FBAR operating over an extremely broad band as com- 
pared with the prior art is realized. 
[0010] We have found that resonant characteristics 
of a FBAR having an epitaxially grown PZT thin film on 
a silicon substrate as the piezoelectric thin film largely 
depend on the composition of the PZT thin film. By 
adjusting the atomic ratio of Ti/(Ti+Zr) so as to fall within 
a specific range, a FBAR operating over an extremely 
broad band can be realized without a need for poling of 
the PZT thin film. 

[001 1 ] The invention provides a thin film piezoelec- 
tric device comprising a silicon substrate, a metal thin 
film in the form of an epitaxial film on the substrate, and 
a PZT thin film on the metal thin film. The PZT thin film 
has a Ti/(Ti+Zr) atomic ratio of from 0.65/1 to 0.90/1 
Preferably, the PZT thin film is a 90 degree domain 
structure epitaxial film having (100) orientation and 
(001) orientation mixed. Typically, the thin film piezoe- 
lectric device constitutes a film bulk acoustic resonator 
(FBAR). 

[0012] In the disclosure, Ti/(Ti+Zr) always refers to 
an atomic ratio. 
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BRIEF DESCRIPTION OF TH^^AWINGS 
[0013] 

FIG. 1 is a schematic cross-sectional view of a typ- 
ical FBAR. 

FIG. 2 is a graph showing l(100)/l(001) of an epitax- 
ially grown PZT thin film as a function of its compo- 
sition. 

FIG. 3 is a graph showing c-axis lattice constant of 
(001) oriented crystal in an epitaxially grown PZT 
thin film as a function of its composition. 
FIG. 4 is a graph showing resonant characteristics 
of FBAR to which the invention is applied. 
FIG. 5A schematically illustrates a {1 1 1} facet sur- 
face of a buffer layer, FIG. 5B is an enlarged view 
thereof, and FIG. 5C schematically illustrates a 
metal thin film formed on the faceted surface. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0014] In general, piezoelectric characteristics of a 
piezoelectric material depend on the magnitude of 
polarization of crystals, the alignment of polarization 
axis and other factors. It is believed that the piezoelec- 
tricity of the PZT thin film used herein also depends on 
the crystallographic properties including domain struc- 
ture, orientation and crystallinity of crystals constituting 
the thin film. Before the crystallographic properties of a 
PZT thin film are discussed, the nomenclature used in 
this disclosure is described. 

[0015] The "unidirectionally oriented film" used 
herein means, a crystallized film in which desired crystal 
faces are aligned parallel to the substrate surface. For 
example, a (001) unidirectionally oriented film is a film in 
which (001) faces extend substantially parallel to the 
film surface. Specifically, on analysis by x-ray diffrac- 
tometry, the reflection peak intensity from faces other 
than the objective face is less than 10%, and preferably 
less than 5% of the maximum peak intensity of the 
objective face. For example, in the case of a (00L) unidi- 
rectionally oriented film, that is, c-face unidirectionally 
oriented film, the reflection intensity from faces other 
than the (00L) face is less than 1 0%, and preferably less 
than 5% of the maximum peak intensity of reflection 
from the (00L) face as analyzed by 29-G x-ray diffraction. 
It is noted that the (00L) face generally designates the 
(001) family faces, that is, those equivalent faces such 
as (001) and (002) faces. It is also noted that the (H00) 
face generally designates those equivalent faces such 
as (100) and (200) faces. 

[0016] The term "epitaxial film" used herein is a uni- 
directionally oriented epitaxial film. The unidirectionally 
oriented epitaxial film is a unidirectionally oriented film 
(as defined above) in which crystals be oriented in align- 
ment in all the directions of X, Y, and Z axes, provided 
that the film surface is a X-Y plane and the film's thick- 
ness direction is Z axis. Illustratively stated, it is first 
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required that on analysis by x-ray diffractometry, the 
reflection peak intensity from faces other than the objec- 
tive face be less than 10%, and preferably less than 5% 
of the maximum peak intensity of the objective face. For 

5 example, in the case of a (001) epitaxial film, that is, c- 
face epitaxial film, the reflection peak intensity from 
faces other than the (00L) face is less than 110%, and 
preferably less than 5% of the maximum peak intensity 
of reflection from the (00L) face as analyzed by 26-6 x- 

jo ray diffraction. It is secondly required that the epitaxial 
film exhibit a spotty or streaky pattern as analyzed by 
RHEED. A film exhibiting a ring or halo pattern as ana- 
lyzed by RHEED is not regarded as being epitaxial. It is 
understood that RHEED is an abbreviation of reflection 

r 5 high energy electron diffraction and the RHEED analy- 
sis is an index of the orientation of a crystal axis within 
a film plane. 

[0017] The "90 degree, domain structure epitaxial 
film" used herein must fulfill the following requirements 

20 at room temperature. It is first required that on analysis 
of a film by 26-6 x-ray diffraction, the peak intensity from 
faces other than (00L) and (H00) faces be less than 
1 0%, and preferably less than 5% of the maximum peak 
intensity from (00L) or (H00) face. It is secondly required 

25 that the film exhibit a spotty or streaky pattern on 
RHEED analysis. 

[0018] PZT has an axis of polarization in [001] 
direction when it consists of tetragonal crystals and in 
[111] direction when it consists of rhombohedral crys- 

30 tals. PZT ceramics are generally known to assume, at 
room temperature, tetragonal crystals near or above 
Ti/(Ti+Zr) = 0.5, rhombohedral crystals near or below 
Ti/(Ti+Zr) = 0.4, and a mixture of tetragonal and rhom- 
bohedral crystals, known as morphotropic phase 

35 boundary (MPB) composition, at Ti/(Ti+Zr) between 
about 0.4 and about 0.5. Near the MPB composition, 
the piezoelectric constant is highest and excellent reso- 
nant characteristics are exerted. For example, the poly- 
crystalline PZT thin film described in Jpn. J. Appl. Phys., 

40 Vol. 36 (1997), pp. 6069-6072, utilizes the MPB compo- 
sition. 

[0019] However, for a thin film of PZT formed by epi- 
taxial growth, crystallographic parameters of the film 
ensuring satisfactory piezoelectricity are unknown. 

45 Then we first attempted to form a PZT thin film as a thin 
film oriented in the direction of an axis of polarization, 
and more specifically, as a thin film having at least 
tetragonal (001) oriented crystals. In order to form a 
tetragonal (001) oriented film, it is important that during 

so growth of a thin film, crystals be oriented in a direction 
corresponding to that orientation. PZT is tetragonal at 
room temperature, but becomes cubic at temperatures 
above 500°C because the high -temperature phase is 
cubic. This suggests that if a PZT film can be grown as 

55 an epitaxial film of cubic (1 00) orientation by setting the 
growth temperature above 500°C, the grown film under- 
goes transition to a tetragonal system upon cooling, 
resulting in an epitaxial film of tetragonal (001) orienta- 
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tion or a 90 degree domain structure epitaxial film hav- 
ing (100) orientation and (001) orientation mixed. 
Whether the PZT thin film becomes a (001) oriented 
epitaxial film or a 90 degree domain structure epitaxial 
film is determined by a difference in thermal expansion 5 
coefficient between the PZT thin film and the substrate, 
a difference in lattice constant between the PZT thin film 
and the underlying layer (which is the metal thin film in 
the present invention), and the lattice constant of the 
PZT thin film itself. 10 
[0020] We studied how the resonant characteristics 
of a FBAR of the construction shown in FIG. 1 depend 
on the crystallographic parameters of a PZT thin film. 
[0021 ] The FBAR illustrated includes a silicon (1 00) 
single crystal substrate 2 (simply referred to as Si sub- 15 
strate, hereinafter) having a via hole 1 formed therein, a 
buffer layer 3 of 50 nm thick consisting of silicon oxide, 
zirconium oxide and yttrium oxide layers on the Si sub- 
strate 2, an underlying electrode 4 of platinum and 100 
nm thick, a PZT thin film 5 of 0.5 u.m thick, and an upper 20 
electrode 6 of gold and 1 00 nm thick, which are stacked 
in the described order. The via hole 1 is formed by ani- 
sotropic etching of the Si substrate from the lower side 
in the figure. Due to the presence of the via hole 1, the 
thin films stacked on the Si substrate construct a dia- 25 
phragm. The lower surface of the Si substrate 2 is 
bonded to the bottom of a package 1 1 with a die bond- 
ing agent 10 while the top of the package 11 is closed 
by a lid 1 3. This structure was fabricated by forming thin 
films and electrodes on a Si substrate, effecting etching, 30 
and dicing into chips by means of a dicing tool, and 
mounting the chip in a package. Disposed within the 
package 1 1 are external connection terminals A and B 
for connection to the outside, which are electrically con- 
nected to the underlying and upper electrodes 4 and 6 35 
through wires 12, respectively. In this FBAR, the PZT 
thin film 5 above the via hole 1 constitutes a piezoelec- 
tric bulk acoustic resonator with the underlying and 
upper electrodes 4 and 6 sandwiching the PZT thin film 

5. 40 

[0022] The underlying electrode 4 was formed by 
evaporation. The PZT thin film 5 was formed by depos- 
iting a film over the entire upper surface of the Si sub- 
strate 2 by a multi-source evaporation process, and 
partially etching away the film other than the region 45 
above the via hole 1 by photolithography. The composi- 
tion of the PZT thin film 5 was set within the range of 
Ti/(Ti+Zr) between 0.3 and 1.0. The upper electrode 6 
was formed above the via hole 1 . The upper electrode 6 
was rectangular in shape and had a planar size of 25 50 
[iw x 50 ujti. 

[0023] During the FBAR fabrication, it was con- 
firmed by x-ray diffractometry and RHEED that the 
underlying electrode 4 was a (001) oriented epitaxial 
film. Specifically, on RHEED analysis, a streaky pattern 55 
appeared. In 26-6 x-ray diffraction, the peak intensity 
from faces other than the (00L) face is less than the 
detection limit, that is, less than 0.1% of the maximum 



peak intensity from the (001) face. 
[0024] It was similarly confirmed that within the 
range of Tt/(Ti+Zr) between 0.5 and 1.0, the PZT thin 
film 5 was a (001) oriented epitaxial film of perovskite 
structure or a 90 degree domain structure epitaxial film 
having (100) and (001) orientations mixed. Specifically, 
on RHEED analysis, a streaky pattern appeared in 
either thin film. In 29-6 x-ray diffraction of the (001) ori- 
ented film, the peak intensity from faces other than the 
(00L) face is less than the detection limit, that is, less 
than 0.1% of the maximum peak intensity from the (001) 
face. For the 90 degree domain structure film, the peak 
intensity from faces other than the (00L) and (H00) 
faces is less than the detection limit, that is, less than 
0.1% of the maximum peak intensity from the (001) 
face. On the other hand, for those PZT thin films 5 hav- 
ing a Ti/(Ti+Zr) of less than 0.5, their RHEED pattern 
was ring-like. 

[0025] With respect to the PZT thin film 5 of this 
FBAR, the relationship of composition to crystallo- 
graphic parameters is described based on experimental 
results. 

[0026] From compositions with a Ti/(Ti+Zr) of less 
than 0.4, highly crystalline PZT thin films could not be 
formed because of a substantial mismatch in lattice 
constant between Ptand PZT. For example, PZT with a 
Ti/(Ti+Zr) of 0.4 has a lattice constant of 0.409 nm at the 
growth temperature of 600°C, whereas a Pt thin film epi- 
taxially grown on a Si substrate has a lattice constant of 
0.394 nm at the growth temperature. Since the mis- 
match is as large as 3.8%, good crystallinity is not 
achieved. With a Ti/(Ti+Zr) of less than 0.4, the mis- 
match becomes larger. By contrast, with a Ti/(Ti+Zr) in 
excess of 0.4, the mismatch becomes smaller, enabling 
epitaxial growth of a satisfactory PZT thin film. It is 
noted that PZT with a Ti/(Ti+Zr) of 1 .0 gives a mismatch 
of 0.75%. 

[0027] PZT thin films with a Ti/(Ti+Zr) of at least 0.5 
were analyzed by x-ray diffractometry to examine the 
ratio of the reflection intensity 1(1 00) of (1 00) face to the 
reflection intensity 1(001) of (001) face. The results are 
shown in FIG. 2. It is seen from FIG. 2 that the films are 
(001) unidirectionally oriented when the Ti/(Ti+Zr) is 
lower than 0.6. On the other hand, when the Ti/(Ti+Zr) is 
0.6 or higher, the films are 90 degree domain structure 
films, indicating that the higher the Ti ratio, the more 
increases the "a" domain. In PZT crystals, the ratio of a- 
axis to c-axis (tetragon ality) increases as the Ti ratio 
becomes higher. It is believed that compositions with 
high tetragonality invite a drastic increase of the "a" 
domain because of a greater difference in lattice con- 
stant between a-axis and c-axis. 

[0028] For PZT thin films of different compositions, 
the c-axis lattice constant of (1 00) oriented crystals was 
measured, with the results shown in FIG. 3. In FIG. 3, 
the broken line curve represents the c-axis lattice con- 
stant of PZT ceramics. Since ceramics, unlike thin films, 
do not receive stresses dependent on the lattice con- 
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stant of the underlying layer, tnWroken line curve rep- 
resents a substantially intrinsic lattice constant At a 
Ti/(Ti+Zr) of 0.6 or lower, the c-axis is short as seen 
from FIG. 3 although the film is a (001) unidirectionally 
oriented film as shown in FIG. 2. In this compositional 5 
region, owing to the difference of thermal expansion 
coefficient from the Si substrate, the a-axis is stretched 
during the cooling step following the epitaxial growth, 
and as a result, the c-axis becomes shorter than the a- 
axis. At a Ti/(Ti+Zr) of 0.65 or higher, high tetragonality w 
is exerted as shown in FIG. 2. Then, a large amount of 
"a" domain generates so that the stresses due to the dif- 
ference of thermal expansion coefficient from the Si 
substrate are mitigated. As a result, the c-axis lattice 
constant of PZT thin film approaches to the c-axis lattice 15 
constant of ceramics as shown in FIG. 3. 
[0029] Next, resonant characteristics were actually 
measured between the connection terminals A and B of 
the above FBAR. When a PZT thin film had a Ti/(Ti+Zr) - 
of 0.5, that is, high (001 ) orientation, but a low c-axis lat- 20 
tice constant, no resonant characteristics were 
observed. When a PZT thin film had a Ti/(Ti+Zr) of 1 .0, 
that is, a high c-axis lattice constant, but low(001) orien- 
tation, resonant characteristics could not be measured 
because of current leakage between the terminals A 25 
and B. It is understood that a Ti/(Ti+Zr) of 1.0 corre- 
sponds to lead titanate. 

[0030] A composition with a TV(Ti+Zr) of about 0.5 
is known as the MPB composition in connection with the 
PZT bulk ceramics as mentioned above. Near the MPB 30 
composition, there are, available a highest piezoelectric 
constant and excellent resonant characteristics. How- 
ever, even resonant characteristics are not observed in 
an epitaxially grown PZT thin film. 

[0031] Then, measurement was made on FBAR 35 
having a PZT thin film with a Ti/(Ti+Zr) of 0.75 to find 
distinct resonance near 2 GHz. The resonant character- 
istics are shown in FIG. 4. From the resonance fre- 
quency and anti-resonance frequency on this resonant 
curve, a piezoelectric constant e 33 and an elastic con- 40 
stant C33 were determined to find e 33 = 14.3 C/m 2 and 
C 33 = 8.8x1 0 10 N/m 2 , indicating a very high value of e 33 . 
Further, from the results of measurement of the 
dependency of a capacitance on an electrode area, this 
PZT thin film was estimated to have a dielectric constant 45 
of about 300. From these values, the square of an elec- 
tromechanical coupling constant k was determined to 
be k 2 = 47%, which is at least 10 folds of the prior art 
value. Utilizing this performance, a FBAR operating over 
an extremely broad band can be established. so 
[0032] By examining resonant characteristics of 
PZT thin film while varying the composition thereof over 
a wide range, an appropriate compositional range of 
PZT thin film was sought for. It has been found that in 
order for a 90 degree domain structure epitaxial film of 55 
PZT to exert excellent resonant characteristics, the 
Ti/(Ti+Zr) must fall in the range between 0.65 and 0.90, 
and preferably between 0.70 and 0.85. That is, PZT thin 
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films with a Ti/(Ti-Zr) of Ol>5, 0.70, 0.75, 0.80, 0.85, and 
0.90 were actually examined for resonant characteris- 
tics. All these FBAR's were observed to have resonant 
characteristics and exhibited good piezoelectricity as 
demonstrated by a piezoelectric constant e^ of at least 
1 0 C/m 2 and an electromechanical coupling constant k 2 
of at least 30%. In particular, the FBAR's with a 
Ti/(Ti+Zr) of 0.70, 0.75, 0.80, and 0.85 exhibited excel- 
lent piezoelectric characteristics as demonstrated by a 
piezoelectric constant e 33 of at least 1 4 C/m 2 and an 
electromechanical coupling constant k 2 of at least 40%. 
[0033] It is evident from the above results that the 
compositional range in which an epitaxially grown PZT 
thin film exhibits piezoelectricity when constructed as 
FBAR is not analogized from the preferred composi- 
tional ranges known for ceramics (bulk materials) and 
polycrystalline thin films, in FBAR using an epitaxially 
grown PZT thin film, better properties that are never 
attained in the prior art are obtained by shifting the 
Ti/(Ti+Zr) of the PZT thin film from the optimum compo- 
sition for bulk ceramics. 

[0034] We suppose that the composition depend- 
ency of piezoelectricity of a PZT thin film exhibits a com- 
pletely different behavior from PZT ceramics for the 
following reason. It is believed that the requirements for 
a PZT thin film to exhibit excellent piezoelectricity are 
two: 

(i) that spontaneous polarization Ps is aligned in 
one direction, that is, (001) orientation is high, and 

(ii) that spontaneous polarization Ps is noticeable, 
that is, the c-axis lattice constant is high. However, 
the results shown in FIGS. 2 and 3 suggest that it is 
impossible for an epitaxially grown PZT thin film to 
simultaneously satisfy the two requirements. It is 
then believed that, FBAR having an epitaxially 
grown PZT thin film on a Si substrate with a Pt thin 
film (which is also an epitaxial film) interposed ther- 
ebetween exhibits excellent resonant characteris- 
tics when the composition of the PZT thin film is 
selected to satisfy the above requirement (i) to 
some extent and at the same time, the above 
requirement (ii) to some extent. 

[0035] Based on this understanding, the reason of 
limitation of Ti/(Ti+Zr) by the invention is explained as 
follows. It is believed that if Ti/(Ti+Zr) is lower than 0.65, 
the PZT thin film assumes just or approximately (001) 
unidirectional orientation, but the c-axis is contracted, 
failing to provide piezoelectricity. If Ti/(Ti+Zr) is lower 
than 0.4, the mismatch of lattice constant between the_ 
PZT thin film and the substrate increases to impede 
good epitaxial growth. It is further believed that at a 
Ti/(Ti+Zr) in excess of 0.90, the c-axis of (001) oriented 
crystals is fully stretched, but the PZT of this composi- 
tion has a substantial difference in lattice constant 
between the a-axis and the c-axis, and as a result, lat- 
tice defects occur along domain boundaries in the PZT 
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thin film now converted to the domain structure, causing 
electric leakage between the upper and underlying 
electrodes. 

Construction of respective components of thin film pie- 
zoelectric device 

[0036] Next, the construction of respective compo- 
nents of the thin film piezoelectric device according to 
the invention is described in further detail. 

Substrate 

[0037] The invention uses silicon as the substrate. It 
is especially preferred to use a Si substrate such that 
the substrate surface is defined by the (100) face of Si 
single crystal, because an epitaxial PZT film having 
improved properties can be formed thereon. This is also 
advantageous in that anisotropic etching is effectively 
utilizable during the via hole-forming step of the FBAR 
fabricating process. It is noted that axes residing in the 
respective planes are preferably parallel between the Si 
substrate and the metal thin film (underlying electrode), 
PZT thin film and buffer layer to be described later. 

Buffer layer 

[0038] The buffer layer 3 disposed between the 
metal thin film (underlying electrode 4) and the sub- 
strate 2 in FIG. 1 is not essential, though preferred. The 
buffer layer has the function of helping a metal thin film 
of quality epitaxially grow on the Si substrate, serves as 
an insulator, and also serves as an etching stop layer in 
forming via holes by etching. 

[0039] In the thin film piezoelectric device of the 
invention, a metal thin film is formed on the Si substrate 
as one of a pair of electrodes sandwiching the PZT thin 
film and also as the layer underlying the PZT thin film. 
To form a PZT thin film having good crystallinity, the 
metal thin film must be formed as an epitaxial film close 
to single crystals. In order to form the metal thin film as 
an epitaxial film, the method described in JR-A 9- 
1 1 0592 by the same assignee as the present invention 
is preferably utilized. In this method, a buffer layer 
including a (001) oriented Zr0 2 thin film, stabilized zir- 
conia thin film and rare earth oxide thin film is provided 
on a Si single crystal substrate, a (001) oriented per- 
ovskite layer of BaTi0 3 or the like is formed on the buffer 
layer, and a metal thin film of platinum or the like is 
formed on the perovskite layer. This method permits the 
metal thin film to be formed as an epitaxial film. The rea- 
son why this method forms the perovskite layer on the 
buffer layer is that if a Pt thin film is formed directly on 
the (001) oriented Zr0 2 thin film, the platinum takes 
(111) orientation or becomes polycrystalline, failing to 
form a (1 00) unidirectionally oriented film of Pt. The rea- 
son why platinum takes (111) orientation on the (001) 
oriented Zn0 2 thin film is that due to a substantial lattice 
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mismatch between Zr0 2 (001) face and Pt (100) face, 
platinum grows on the energy stable (111) face as the 
growth face rather than epitaxial growth, that is, growth 
on the (1 00) face as the growth face. 

5 [0040] However, the formation of a perovskite layer 
is cumbersome, and it is difficult to form a homogene- 
ous perovskite layer having the as-designed composi- 
tion. More particularly, when a BaTi0 3 thin film is 
formed on a Zr-containing buffer layer as the perovskite 

w layer, there is a likelihood that a material tending to 
assume (1 1 0) orientation such as BaZr0 3 will form. Fur- 
thermore, in the above-referred JP-A 9-110592, an 
evaporation process of supplying a metal vapor to a 
substrate surface in an oxidizing gas is employed as the 

15 process capable of forming a homogeneous thin film 
over a large area. When a BaTi0 3 thin film is formed by 
this process, the evaporation amounts of Ba and Ti 
must be correctly controlled such that Ba:Ti = 1:1 is 
established when deposited on the substrate surface as 

20 an oxide. 

[0041] It is then preferred to utilize the following 
buffer layer as the buffer layer which enables to form a 
Pt thin film as an epitaxial film without a need for a 
BaT10 3 thin film. 

25 [0042] This buffer layer is characterized in that the 
interface with the metal thin film includes a {11 1} facet 
surface. It also has the advantage that since the pres- 
ence of a faceted surface increases the contact area 
between the buffer layer and the metal thin film, the sep- 

30 aration of the metal thin film which can occur during the 
micromachining step of the FBAR manufacture can be 
restrained. 

[0043] FIG. 5A schematically illustrates a faceted 
surface on a buffer layer surface. FIG. 5B illustrates the 

35 faceted surface in enlargement. Since the buffer layer is 
an epitaxial film of cubic (100) orientation, tetragonal 
(001) orientation or monoclinic (001) orientation, this 
faceted surface is a {1 1 1 } facet surface. A metal thin film 
will epitaxially grow on the {111} facet surface of the 

40 buffer layer as a {111} oriented film. As the metal thin 
film grows, depressions defined by the faceted surface 
are buried. Eventually, the surface of the metal thin film 
becomes flat as shown in FIG. 5C and parallel to the 
substrate surface. This surface is a cubic (100) face, but 

45 may become a tetragonal (001) face on account of crys- 
tal lattice distortion. 

[0044] The dimensions of the faceted surface are 
not critical. However, if the height of the faceted surface, 
that is, the size of the faceted surface when projected on 

so a plane orthogonal to a plane within the buffer layer is 
too small, the effect of the faceted surface provided on 
the buffer layer surface is reduced. Then, the projection 
size is preferably at least 5 nm. if the projection size is 
large, on the other hand, the surface of the metal thin 

55 film does not become flat unless the metal. thin film is 
accordingly made thick. However, the metal thin film 
becomes more likely to crack as it becomes thick. Then 
the projection size is preferably up to 30 nm. Under- 
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standably, the projection size is offermined from a TEM 
photomicrograph of a buffer layer cross section. 
[0045] The proportion of the faceted surface at the 
interface should preferably be at least 80%, arid more 
preferably at least 90%. If the proportion of the faceted 5 
surface is too low, it becomes difficult to grow the metal 
thin film as an epitaxial film of quality. The term "propor- 
tion of the faceted surface" as used herein is an area 
ratio determined from a TEM photomicrograph of a 
buffer layer cross section by the following procedure, to 
Provided that B is the length of a region of the buffer 
layer surface to be measured (length in in-plane direc- 
tion) and H is the total length of surfaces parallel to the 
in-plane (other than the faceted surface), the proportion 
of the faceted surface is represented by [1 - (H/B)2]. The 75 
length B of a region to be measured is at least 1 ujti. 
[0046] To form a {1 1 1 } facet surface on the surface, 
the buffer layer is preferably composed mainly of a rare 
earth oxide, or zirconium oxide, or zirconium oxide in 
which zirconium is partially replaced by a rare earth ele- 20 
ment or alkaline earth element. The term "rare earth" is 
used herein as inclusive of Sc and Y. Such a buffer layer 
can develop a faceted surface at its surface when it is of 
cubic (100) orientation or monoclinic (001) orientation. 
[0047] The composition of the buffer layer is rep re- 25 
sented by the formula: Zr n _ x R x 0 2 _ 5 wherein R stands for 
a rare earth element or alkaline earth element. While 
zirconium oxide (Zr0 2 ) corresponding to x = 0 under- 
goes a phase transition of cubic — > tetragonal mono- 
clinic with a temperature change from a high 30 
temperature to room temperature, the addition of a rare 
earth element or alkaline earth element stabilizes the 
cubic system. An oxide obtained by adding a rare earth 
element or alkaline earth element to Zr0 2 is generally 
known as stabilized zirconia. Herein, a rare earth ele- 35 
ment is preferably used as the element for stabilizing 
Zr0 2 . 

[0048] In the practice of the invention, the value of x 
in the formula: Zr^ x R x 0 2 .s is not critical as long as a 
faceted surface can be formed. It is noted that Jpn. J. 40 
Appl. Phys., 27 (8), L1404-L1405 (1988) reports that 
rare earth-stabilized zirconia becomes tetragonal or 
monoclinic crystals in a compositional region wherein x 
is less than 0.2. Also, J. Appl. Phys., 58 (6), 2407-2409 
(1985) reports that in a compositional region leading to 45 
a tetragonal or monoclinic system, a unidirectionally ori- 
ented epitaxial film is not obtained because oriented 
faces other than the desired one are introduced in 
admixture with the desired one. Continuing investiga- 
tions, we have found that by utilizing an evaporation so 
process to be described later, epitaxial growth is possi- 
ble and good crystallinity is achievable even with com- 
positions wherein x is less than 0.2. A high purity Zr0 2 
film has a high insulation resistance and minimized 
leakage current and is thus preferred when insulating 55 
properties are needed. In order to facilitate formation of 
a faceted surface, it is preferred that x be at least 0.2. 
[0049] On the other hand, when a buffer layer is 



formed contiguous to a Si single crystal substrate, the 
layer in a compositional region wherein x is in excess of 
0.75 is of cubic crystals, but is difficult to assume (100) 
unidirectional orientation, allows (111) oriented crystals 
to be additionally introduced or rather takes (111) unidi- 
rectional orientation. Therefore, when a buffer layer is 
formed directly on a Si single crystal substrate, it is pre- 
ferred to set x to be 0.75 or less, especially 0.50 or less 
in the formula: Zr^RxO^g. 

[0050] It is noted that when a buffer layer is formed 
on a suitable underlying layer on a Si single crystal sub- 
strate, the buffer layer can assume cubic (1 00) unidirec- 
tional orientation even with large values of x. As the 
underlying layer, a thin film of zirconium oxide or stabi- 
lized zirconia and cubic (100) orientation, tetragonal 
(P01) orientation or monoclinic (001) orientation is pre- 
ferred. For the underlying layer, x should be set smaller 
than in the buffer layer. 

[0051] The rare earth element contained in the sta- 
bilized zirconia thin film is suitably selected such that 
the lattice constant of the stabilized zirconia thin film 
may match with the lattice constant of the thin film or 
substrate contiguous to the stabilized zirconia thin film. 
Although the lattice constant of stabilized zirconia can 
be altered by changing x with the type of rare earth ele- 
ment fixed, the only change of x provides a narrow 
range of matching adjustment. However, if the rare 
earth element is changed, matching optimization 
becomes easy because the lattice constant can be 
altered over a relatively wide range. For example, the 
use of Pr instead of Y gives a greater lattice constant. 
[0052] Notably, oxygen defect-free zirconium oxide 
is represented by the chemical formula: Zr0 2 whereas 
stabilized zirconia is represented by Zr 1 . x R x 0 2 .§ 
wherein 5 is. usually from 0 to 1 .0 because the amount 
of oxygen varies with the type, amount and valence of 
stabilizing element added. 

[0053] The buffer layer may have a graded compo- 
sition structure whose composition changes continu- 
ously or stepwise. In the case of the graded composition 
structure, it is preferred that x in Zr 1 . x R x 0 2 .s increases 
from the rear surface side to the front surface side 
(metal thin film side) of the buffer layer. In the above 
embodiment wherein an underlying layer is provided, if 
the underlying layer is considered as part of the buffer 
layer, this buffer layer is regarded as having a stepwise 
changing composition. 

[0054] The rare earth element used in the buffer 
layer is at least one selected from among Sc, Y, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu. Since 
some rare earth oxides are likely to take a rare earth a- 
type structure which is hexagonal, it is preferred to 
select a rare earth element which forms a stable cubic 
oxide. Specifically, at least one element selected from 
among Sc, Y, Ce, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu 
is preferable, and a choice may be made among these 
elements depending on the lattice constant of their 
oxide and other conditions. 
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[0055] To the buffer layer, an additive may be intro- 
duced for property improving purposes. For example, 
aluminum (Al) and silicon (Si) are effective for improving 
the resistivity of the film. Also, a transition metal element 
such as Mn, Fe, Co or Ni can form an impurity level 
(trapping level) in the film, which can be utilized to con- 
trol conductivity. 

[0056] In the Zr0 2 thin film used as the underlying 
layer or buffer layer, the upper limit of the Zr proportion 
is about 99.99 mol% at the present. Since separation of 
Zr0 2 from Hf0 2 is difficult with the currently available 
ultra-purifying technique, the purity of Zr0 2 generally 
indicates the purity of Zr + Hf, Therefore, the purity of 
Zr0 2 in the specification is a value calculated on the 
assumption that Hf and Zr are identical. However, this 
gives rise to no problem because Hf0 2 serves exactly 
the same function as Zr0 2 in the zirconium oxide thin 
film. This is also true for the stabilized zirconia. 
[0057] The thickness of the buffer layer is not critical 
and may be suitably set so that a faceted surface of 
appropriate size may be formed. Preferably the buffer 
layer has a thickness of 5 to 1 ,000 nm, and more prefer- 
ably 25 to 1 00 nm. If the buffer layer is too thin, it is dif- 
ficult to form a uniform faceted surface. If too thick, the 
buffer layer may crack. The thickness of the underlying 
layer is suitably determined such' that the underlying 
layer may become a homogeneous epitaxial film, have a 
flat surface and be free of cracks. A thickness of 2 to 50 
nm is often preferred. 

Metal thin film 

[0058] The metal thin film used as the underlying 
electrode may be an epitaxial film and at the same time, 
a (1 00) or (001 ) oriented film. If a PZT thin film is formed 
on a metal thin film having good crystallinity and surface 
smoothness, there can be realized a variety of elec- 
tronic devices having satisfactory characteristics includ- 
ing film bulk acoustic resonators. Since the metal thin 
film plays the role of absorbing stresses in the thin film 
laminate, the metal thin film is also effective for prevent- 
ing any thin film formed thereon from cracking. 
[0059] When a buffer layer having a faceted surface 
is used, a metal thin film being formed on that surface 
grows while burying the depressions defined by the fac- 
eted surface. The metal thin film eventually has a sur- 
face which is flat and parallel to the substrate surface. At 
. this point, the metal thin film is a cubic epitaxial film in 
which (100) face is oriented parallel to the film surface, 
but may sometimes become an epitaxial film of tetrago- 
nal (001) orientation due to stresses causing deforma- 
tion of crystals. 

[0060] The metal thin film preferably contains at 
least one of Pt, Ir, Pd and Rh as a main component and 
more preferably such a metal element or an alloy con- 
taining the same. The metal thin film may also be a thin 
film consisting of two or more layers of different compo- 
sitions. 



[0061] The thickness of the metal thin film varies 
with a particular application although the metal thin film 
is preferably 10 to 500 nm and more preferably 50 to 
150 nm thick, and so thin as not to damage crystallinity 

5 and surface smoothness. More specifically, to bury pro- 
trusions and depressions defined by the faceted surface 
of the buffer layer, the metal thin film should preferably 
have a thickness of at least 30 nm. A thickness of at 
least 100 nm ensures a sufficient surface flatness. In 

70 order that the metal thin film function as the electrode, a 
thickness of 50 to 500 nm is preferred. 
[0062] It is noted that the metal thin film preferably 
has a resistivity of 10" 7 to 10 3 n-cm, and more prefera- 
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bly10" 7 to10' 2 ft-cm. 



PZT thin film 



[0063] The PZT thin film is an epitaxially grown one 
as mentioned above, and preferably a, 90 degree 

20 domain structure epitaxial film having (100) orientation 
and (001) orientation mixed. The Ti/(Ti+Zr) of the PZT 
thin film should fall within the above-specified range. 
The PZT thin film was formed by the multi-source evap- 
oration process in the above example, although it may 

25 be formed otherwise, for example, by a MBE or RF mag- 
netron sputtering process. The thickness of the PZT thin 
film may be suitably set in accordance with the neces- 
sary resonance frequency although it is usually 
selected in the range of 0.05 to 5 ujti. 

30 [0064] In general, PZT designates a solid solution 
of PbZr0 3 and PbTi0 3 although the invention does not 
require that the atomic ratio Pb/(Ti+Zr) be equal to 1. 
However, it is preferred that the atomic ratio Pb/(Ti+Zr) 
be from 0.8 to 1 .3, and more preferably from 0.9 to 1 .2. 

35 With Pb/(Ti+Zr) set within this range, good crystallinity 
is obtainable. The ratio of O to Ti+Zr is not limited to 3. 
Since some perovskite materials constitute a stable per- 
ovskite structure in an oxygen poor or rich state, the 
atomic ratio 0/(Ti+Zr) is usually from about 2.7 to about 

40 3.3. Understandably, the composition of the PZT thin 
film can be measured by fluorescent x-ray spectros- 
copy. 

[0065] In the practice of the invention, the PZT thin 
film is preferably composed of Pb, Zr, and Ti although it 

45 may contain additive elements and impurities. For 
example, the PZT thin film may have Hf0 2 incorporated 
as an impurity since separation of Zr0 2 from Hf0 2 is dif- 
ficult with the currently available ultra-purifying tech- 
nique. Notably, the inclusion of Hf0 2 gives rise to no 

50 problem because it has no substantial influence on the 
properties of the PZT thin film. The additive elements 
and impurity elements which can be included in the PZT 
thin film include, for example, rare earth elements (inclu- 
sive of Sc and Y), Bi,. Ba, Sr, Ca, Cd, K, Na, Mg, Nb, Ta, 

55 Hf, Fe, Sn, Al, Mn, Cr, W, and Ru. In the practice of the 
invention, these substitute elements and impurity ele- 
ments may be included insofar as the value of Ti/(Ti+Zr) 
falls within the above-specified range, the value of 
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Ti/(Ti+Zr) being calculated proTWici that rare earth ele- Claims 
merits, Bi, Ba, Sr, Ca, Cd, K, Na, and Mg substitute for 
zirconium, and Nb, Ta, Hf, Fe, Sn, Al, Mn, Cr, W and Ru 1. 
substitute for titanium. The percent substitution of sub- 
stitute elements or impurity elements for Pb, Zr and Ti is 5 
preferably up to 10%, and more preferably up to 5%. In 
the PZT thin film, other elements such as Ar, N, H, CI, C, 
Cu, Ni, and Pt may be included as trace additives or 
incidental impurities. 2. 



10 

Crvstallinitv and surface smoothness 

[0066] The crystallinity of the buffer layer, metal thin 
film and underlying layer can be evaluated in terms of 
the half-value width of a reflection peak rocking curve in 15 
x-ray diffraction or a pattern of a RHEED image. The 
surface smoothness can be evaluated by a pattern of a 
• RHEED image or a TEM photomicrograph. 
[0067] More particularly, each layer preferably has 
such crystallinity that in x-ray diffractometry, a rocking 20 
curve of reflection from (200) face or (002) face (or (400) 
face in the case of a buffer layer of rare earth c-type 
structure) may have a half-value width of up to 1 .50°. 
The lower limit of the half-value width of the rocking 
curve is not critical and the smaller the better. At the 25 
present, the lower limit is usually about 0.7° and espe- 
cially about 0.4°. In the event of RHEED, a spotty image 
indicates an irregular surface, and a streaky image indi- 
cates a flat surface. In either case, a sharp RHEED 
image indicates good crystallinity. 30 

Forming method 



A thin film piezoelectric device comprising a silicon 
substrate, a metal thin film in the form of an epitax- 
ial film on the substrate, and a PZT thin film on the 
metal thin film, said PZT thin film having a Ti/(Ti+Zr) 
atomic ratio of from 0.65 to 0.90. 

The thin film piezoelectric device of claim 1 wherein 
said PZT thin film is a 90 degree domain structure 
epitaxial film having (100) orientation and (001) ori- 
entation mixed. 

The thin film piezoelectric device of claim 1 which is 
a film bulk acoustic resonator. 



[0068] For the formation of the buffer layer and 
metal thin film, an evaporation, MBE or RF magnetron 35 
sputtering process is preferably used, with the process 
described in JP-A 10-17394 being especially preferred. 
[0069] Although the invention is most effective 
when applied to FBAR, it can be applied to piezoelectric 
devices for use as thin film oscillators for mobile com- 40 
munications, thin film VCO, thin film filters, high-speed 
frequency synthesizers for frequency hopping, and liq- 
uid injectors. 

[0070] There has been described a thin film piezoe- 
lectric device in which the epitaxially grown PZT thin film 45 
is optimized in composition and crystal arrangement so 
that a high performance piezoelectric device such as 
FBAR operating over an extremely broad band is real- 
ized. Improved piezoelectric properties are available 
without poling of the PZT thin film. 50 
[0071] Japanese Patent Application No. 11-139997 
is incorporated herein by reference. 
[0072] Reasonable modifications and variations are 
possible from the foregoing disclosure without departing 
from either the spirit or scope of the present invention as 55 
defined by the claims. 
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FIG. 3 
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' (100) ORIENTED 
BUFFER LAYER 
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FIG. 5B 



FIG. 5C 



(100) ORIENTED METAL 
THIN FILM 
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